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Abstract
Elastic and inelastic proton scattering on 11Be were measured in inverse kinematics up to a 11Be excitation energy of 7 MeV.
Continuum discretised coupled-channels (CDCC) calculations using a 10Be(0+) + n cluster model of 11Be are able to explain
the elastic scattering data. However, for the inelastic scattering angular distributions for 11Be excitation energy bins of 0.5–3
and 3–5.5 MeV the CDCC calculations under-predict the data, indicating the presence of contributions due to the deformed and
active 10Be core to the 11Be breakup process.
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A. Shrivastava et al. / Physics Letters B 596 (2004) 54–60 55The 11Be nucleus has been the object of consider-
able interest since the inversion of the p1/2 and s1/2
orbitals predicted by Talmi and Unna [1] leading to
a 1/2+ ground state was confirmed by the measure-
ments of Alburger et al. [2]. In addition, the transition
strength from its Jπ = 1/2+ ground state to its 1/2−
first excited state located at 320 keV excitation en-
ergy is the strongest among the lighter nuclei [3,4].
However, recent interest in 11Be has centred on its na-
ture as the archetype of a one-neutron halo nucleus.
The halo nature of 11Be was established by reaction
cross section [5] and momentum distribution mea-
surements [6,7]. Higher lying states in 11Be are par-
ticle unbound resonances, which makes the measure-
ment of their strength particularly challenging. There
are various calculations that predict the presence of a
large amount of transition strength located just above
the particle emission threshold [8]. This low energy
strength, dubbed the “soft mode”, is expected to be a
generic property of neutron halo nuclei due to the very
weak binding energy of the halo neutron(s). Calcula-
tions by Fayans et al. for 11Li and 11Be [8] indicate
that the angular distributions corresponding to differ-
ent multipolarities peak around 1.5 MeV in excita-
tion energy and at forward angles in (p,p′) scattering.
More recent calculations show that the coupling of the
soft mode to core excitation is weak, and it resembles
more a non-resonant single particle excitation than a
particle hole collective mode like giant resonances [9].
Experimentally, such low energy strength has been ob-
served in 11Be through Coulomb excitation using a Pb
target [10,11], where it was attributed to non-resonant
E1 strength. No evidence for the excitation of reso-
nant states was observed in this Coulomb excitation
study.
The objective of the present work is to investi-
gate the unbound states in 11Be by nuclear excitation,
specifically through (p,p′) scattering. The advantage
of nuclear scattering is that all multipolarities will
contribute, while Coulomb scattering strongly favours
L = 1. While the continuum of several light neutron-
rich nuclei has been investigated by proton scattering
[12,13], this is the first such study for 11Be. The re-
sults are analyzed with the help of continuum discre-
tised coupled-channels calculations [14] employing a
simplified two-body cluster model of 11Be, which is
considered to consist of an inert 10Be(0+) core plus a
valence neutron.The experiment was performed in inverse kinemat-
ics. A pure secondary beam of 11Be with an intensity
of ∼105 pps at an energy of 63.7A MeV was produced
at the National Superconducting Cyclotron Labora-
tory at Michigan State University by bombarding a
1100 mg/cm2 Be production target with a 13C beam
accelerated to 100A MeV in the K1200 cyclotron. The
fragments were analysed using the A1200 fragment
separator [15] and the resulting beam was purified by
passage through a 300 mg/cm2 Al wedge. The 11Be
beam was scattered from a CH2 target, 1 mg/cm2
thick. An array of eight telescopes, each of 5 × 5 cm2
active area, described in Ref. [16], was used to mea-
sure the kinetic energy and angle of the recoiling
protons, from which the excitation energy and centre
of mass scattering angles were subsequently deduced
from two-body kinematics. Each telescope was com-
posed of a 300 µm thick Si strip detector with 16 verti-
cal strips (3 mm wide) backed by a 500 µm thick PIN
diode detector and a 1 cm thick stopping CsI detector
read out by 4 photodiodes. The telescopes covered a
laboratory angular range of 68◦ to 85◦, corresponding
to 10◦ to 42◦ in the centre of mass frame for elastic
scattering. A 1 MeV threshold had to be set for the
strip detector trigger to cut the noise, effectively lim-
iting the centre of mass angular range to angles larger
than 15◦. Particle identification in the telescopes was
performed by a ∆E–E measurement for particles tra-
versing the strip detector, and by time of flight for the
lowest energy particles. The beam spot size on tar-
get was approximately 6 mm FWHM. Incident beam
tracking could not be used since the performance of
the cathode readout drift chambers, installed for this
purpose, deteriorated during the experiment.
Such an experiment necessitates a careful tagging
of the reaction channel in order to obtain background
free spectra. Therefore, in coincidence with the recoil
protons, the scattered fragments were detected in the
S800 spectrometer equipped with its standard detec-
tion system [17]: a pair of position sensitive cathode
readout drift chambers for trajectory measurements
followed by a multi-segmented ion chamber and two
large plastic scintillators. The combination of these
measurements furnished unambiguous Z and A identi-
fication of the fragments. Two magnetic field settings
of the spectrometer were used to detect 11Be and 10Be
fragments, respectively. In the first case one gates on
bound final states of 11Be, i.e., elastic scattering and
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second case, inelastic scattering to unbound states up
to the 2n emission threshold (7.3 MeV) can be mea-
sured. It was checked by a simulation that in the latter
case all 10Be fragments corresponding to 11Be scat-
tering angles of less than 40◦ in the centre of mass
frame lay in the large acceptance of the S800, 7◦ hori-
zontally by 10◦ vertically. To evaluate the background
arising from the 12C present in the CH2 target, a sep-
arate measurement of inelastic scattering was made
with a 12C target of thickness 2.7 mg/cm2. As will
be shown later, this contribution is very small.
Fig. 1(a) displays an energy vs. angle scatter plot
obtained for protons recoiling into the telescopes cen-
tred at 80◦ in coincidence with 11Be identified after
analysis in the S800. After kinematical transformation,
the FWHM of the corresponding peak was found to
be 1.4 MeV, mainly due to the energy resolution. The
main contributions to this resolution are the beam spot
size, the strip width and the absence of a vertical po-
sition measurement in the strip detectors. Therefore,
Fig. 1. Energy vs. angle scatter plot measured for recoiling protons
in coincidence with (a) 11Be and (b) 10Be. The calculated kinematic
line for the 11Be ground state is shown as the solid curve in (a). Cal-
culated kinematic lines for the 1.78 MeV (dotted curve), 3.41 MeV
(solid curve) and 5.24 MeV (dashed curve) resonant states of 11Be
are shown in (b).elastic and inelastic scattering to the 320 keV state
could not be separated. The uncertainty due to the
beam spot size in the energy and angle resolution is
1 MeV and 1.1◦, respectively. An attempt was made
to detect the 320 keV γ rays from the decay of the
1/2− state by placing 68 BaF2 detectors of the ORNL-
TAMU-MSU array adjacent to the reaction chamber.
Unfortunately, the γ -ray data collected did not have
meaningful statistical accuracy. A similar plot for pro-
tons measured in coincidence with 10Be fragments in
the S800 is shown in Fig. 1(b) along with kinematic
curves calculated for three known unbound resonant
states of 11Be. Fig. 2 shows the excitation energy spec-
trum for 11Be inelastic scattering, which exhibits a
broad peak culminating around 2 MeV, followed by
a slowly decreasing tail. This peak can be attributed to
the excitation of the Jπ = 5/2+ state known to be lo-
cated at 1.78 MeV. Once again, the energy resolution
did not allow observation of well separated peaks. The
data taken with the carbon target were analyzed using
the same procedure and normalized to the same num-
ber of beam particles and equivalent carbon thickness
as for the CH2 target. The resulting spectrum is shown
as the shaded histogram in Fig. 2, and it can be con-
cluded that the carbon contribution to the data is very
small.
We define quasi-elastic scattering as the sum of
elastic scattering and inelastic scattering to the bound
excited state at E∗ = 320 keV. The quasi-elastic scat-
tering angular distribution is shown in Fig. 3(a). Each
Fig. 2. Excitation energy spectrum for 11Be inelastic scattering mea-
sured at 64 MeV/A, integrated over the total centre of mass angular
range of 15 to 35 degrees. The background contribution arising from
12C is denoted by the shaded area.
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scattering to the 0.5–3.0 MeV bin (b) and 3.0–5.5 MeV bin (c).The
curves are the result of CDCC calculations as indicated in the figure
(see text). Both the resonant (r) and non-resonant (nr) contributions
and their sum are shown as individual curves in (b).
point corresponds to an angular width of 0.8◦ in the
laboratory, corresponding to a width of 1.5◦ to 1.56◦
in the centre of mass frame for the angular range of 10◦
to 42◦. The inelastic scattering distributions (for reac-
tions leading to 10Be in the final state) are displayed
in Fig. 3(b) and (c). Due to the relatively poor energy
resolution, two regions of excitation energy were se-
lected. The first bin, from 0.5 to 3.0 MeV, is centred
around the known resonance E∗ = 1.778 MeV, with
bin size equal to E∗ ± 2σ (σ = 0.6 MeV from the
quasi-elastic scattering data). This bin also includes a
large part of the 2.67 MeV state. The second bin, rang-
ing from 3.0 to 5.5 MeV, should contain other higherTable 1
States populated in the 11Be(p,p′) reaction [2,5,18,19]. E∗ denotes
the excitation energy. Spin assignments in brackets are unconfirmed
experimentally. The suggested dominant structures are mostly those
of Liu and Fortune [19]
E∗ (MeV) Jπ Suggested dominant structure
gs 1/2+ 10Be(0+) ⊗ (s1/2)
0.320 1/2− 10Be(0+) ⊗ (p1/2)
1.778 (5/2+) 10Be(0+) ⊗ (d5/2)
2.67 (3/2−) 10Be(0+) ⊗ (p3/2)
3.41 (3/2−) 9Be(3/2−) ⊗ (sd)20+
3.89 (3/2−) [19] 10Be(2+) ⊗ (s1/2)
(5/2−) [2]
3.96 3/2− 9Be(3/2−) ⊗ (sd)22+
5.25
energy resonant states according to the list of known
states in 11Be shown in Table 1, compiled from [2,5,
18,19]. Both bins will also contain contributions from
non-resonant breakup. The error bars shown are sta-
tistical and take into account the errors on the carbon
target data which have been subtracted. The systematic
error is approximately 10%, mainly due to the uncer-
tainty in the target thickness, while the incident beam
particles were counted individually with a drift cham-
ber placed at the entrance of the target chamber.
Calculations were carried out using a cluster-
folding model [20] of 11Be within the framework of
the continuum discretised coupled-channels (CDCC)
formalism. The 11Be nucleus was assumed to have
a two-body cluster structure with an inert 10Be(0+)
core and a valence neutron (n). As 10Be is known
to be deformed with a strongly coupled 2+1 state at
3.37 MeV the use of the inert core model may be con-
sidered questionable. However, we believe that it is
justified on two counts. Firstly, while contributions
from the 2+1 state of the 10Be core can be important
in giving the correct ground state spin-parity for 11Be,
most measurements and structure calculations agree
that the main configuration (approximately 70%) of
the 11Be ground state is 10Be(0+)+ n [11,21,22]. The
few calculations available for the excited states also
suggest that the 0.32 MeV 1/2− and 1.78 MeV 5/2+
states are mostly of this configuration [23–25]. Sec-
ondly, a more sophisticated calculation that included
the effects of core excited states would necessitate
an extensive structure calculation to provide the large
number of spectroscopic amplitudes required for the
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cited states and the 10Be + n continuum in order to be
physically meaningful. Such a calculation would be
extremely difficult, and before embarking on this task
the sensitivity of the data to excited core configura-
tions needs to be established. If the simple inert core
model is able to describe the data for excitation to the
continuum there is little to be gained from more so-
phisticated calculations.
Couplings to the bound 1/2− state at an excitation
energy of 320 keV and the resonant states at exci-
tation energies of 1.275 and 2.166 MeV above the
10Be + n threshold of 0.504 MeV (assumed to have
spin-parity of 5/2+ and 3/2−, respectively) and the
L = 0,1,2 non-resonant continuum were included.
All allowed couplings between excited states were
also included. The 10Be + n binding potential was of
Woods–Saxon form, with the geometry of Dasso et al.
[26,27]. A spin–orbit component with the same geom-
etry as the central part and a well depth of 4.39 MeV
was also included. The well depth of the central part of
the potential was adjusted to obtain the correct bind-
ing energy in the case of the bound states or a reso-
nance at the correct energy for the resonant states. The
10Be(0+) + n continuum was discretised into a series
of bins in momentum space, the two lowest momen-
tum bins being of width ∆k = 0.16 fm−1 and the two
highest momentum bins of width ∆k = 0.14 fm−1,
where h¯k is the momentum of the 10Be + n relative
motion. This binning scheme was adopted in order to
match the cuts used to extract continuum excitation
cross sections for 11Be from the data. It was suit-
ably modified for the L = 1, J = 3/2− and L = 2,
J = 5/2+ continuum to avoid double counting with
the two resonant states while maintaining the match to
the “experimental” binning scheme. The two resonant
states were also treated as bins, of widths equivalent to
0.2 and 0.4 MeV for the 5/2+ and 3/2− states, respec-
tively. All partial waves up to  = 30 were included
and the matching radius was set equal to 150 fm. The
10Be+n wave functions were averaged over the width
of the bins and were not normalised to unity. The
cluster-folding model for 11Be + p scattering requires
optical potentials for 10Be +p and n+p scattering at
10/11 and 1/11 of the 11Be beam energy, respectively,
as input. The 10Be + p potential parameters were ob-
tained from the CH89 parametrization of Varner et
al. [28], while the p+n parameters were derived froma fit to the scattering data of Ref. [29], yielding para-
meters V = 84.0 MeV, R = 1.24 fm and a = 0.30 fm
for a standard real Woods–Saxon potential.
The calculations were performed using the code
FRESCO [30], version frx008. The results are com-
pared with the quasi-elastic data in Fig. 3(a). Since
these data represent the sum of the cross sections for
scattering to the ground and first excited states of
11Be, the sum of the calculated cross sections for these
processes, shown by the solid curve, is compared with
the data. The dot-dashed curve denotes the calculated
cross section for excitation of the 0.32 MeV 1/2−
state. Despite the large B(E1;1/2+ → 1/2−) for this
excitation the cross section is negligible in comparison
with the elastic scattering, due to the low charge prod-
uct of the system which makes the Coulomb excitation
cross section very low. In order to obtain good agree-
ment between the calculations and the quasi-elastic
data it was necessary to renormalise the CH89 poten-
tial used for the 10Be + p component of the cluster-
folded potential by factors of 0.75 and 1.8 for the real
and imaginary parts, respectively. Such a renormalisa-
tion is reasonable, as a similar procedure was found
to be necessary to describe (p,p) data for many other
light weakly bound nuclei [31].
The inelastic scattering angular distributions are
compared to the CDCC calculation for the 11Be exci-
tation energy (E∗) bin from 0.5–3.0 MeV in Fig. 3(b)
and the E∗ bin from 3.0–5.5 MeV in Fig. 3(c).
Fig. 3(b) shows contributions from resonant and non-
resonant breakup. A comparison of the measured and
calculated angular distributions shows that the shape
of the data is best matched by the calculated L = 2
angular distributions, both resonant and non-resonant,
although the magnitude is under-predicted by the sum
of all the contributions.
Over the measured angular range the non-resonant
and resonant L = 2 breakup channels contribute ap-
proximately equally to the calculated cross section,
that for the 2.67 MeV resonance being negligible
and for the L = 0 non-resonant continuum only sig-
nificant for angles smaller than approximately 17◦.
The non-resonant E1 contribution is dominant for
angles smaller than about 20◦, the resonant and non-
resonant L = 2 and non-resonant L = 1 cross sec-
tions contributing approximately equally to the to-
tal for angles greater than this. Thus, the calculated
L = 1 non-resonant breakup behaves like the pre-
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dicates that over the angular range where data are
available a considerable amount of breakup strength
is missing from our calculation. This missing strength
may most likely be ascribed to processes not in-
cluded in our calculation, i.e., those including an ex-
cited 10Be core. As the data were measured in coinci-
dence with a 10Be, contributions from other possible
clustering modes, e.g., those with a 9Be core, may
be ruled out. Test calculations found that the L = 3
non-resonant continuum made a negligible contribu-
tion to the breakup cross section. Further support for
this conclusion comes from a recent analysis of the
10Be(d,p)11Be transfer reaction [32], which selec-
tively populates the 10Be(0+) ⊗ n configuration and
showed evidence, in addition to a high energy contin-
uum, for only one sharp state above 2 MeV, located at
3.4 MeV, and which moreover was weakly populated.
This implies that the missing strength in this bin can-
not be ascribed to other resonant states not included
in the calculation. Also a QRPA analysis of 11B(7Li,
7Be)11Be charge exchange reaction [33] indicates that
the strength distribution at excitation energies above
2 MeV is very likely produced by core excitation.
In Fig. 3(c), the same comparison is made for
the higher excitation energy bin, 3 MeV  E∗ 
5.5 MeV. Here the CDCC calculation strongly under-
predicts the data and does not describe the shape of
the observed angular distribution. This discrepancy is
most probably due to the omission of the resonant
states built on the 10Be 2+1 excited state (see Table 1)
and core excitation contributions to the non-resonant
continuum. Thus, we find that over the angular range
for which data are available simple 10Be(0+) + n
breakup is not the dominant process contributing to
the observed cross section for the 3 MeV  E∗ 
5.5 MeV bin.
An alternative possible cause for the discrepancy
between the calculated and measured breakup could
be a failure of the CDCC method to give the cor-
rect absolute magnitude for the breakup cross section.
While it is impossible to definitely rule out this pos-
sibility, the CDCC method is able to describe coinci-
dence breakup data for other nuclei where core excita-
tion may be neglected, e.g., 6Li [34], 7Li [35] and the
deuteron [14].
In summary, we have obtained data for the 10Be+n
continuum of 11Be by means of (p,p′) scattering forthe first time. Continuum discretised coupled-channels
calculations based on an inert 10Be(0+) core plus a
neutron in single particle orbits show significant con-
tributions from the 1.78 MeV resonant and L = 2 non-
resonant states to the 0.5  E∗  3 MeV bin. How-
ever, the calculation under-predicts the data. This is
probably due to contributions from configurations in-
volving excited states of the 10Be core to the 10Be + n
continuum, both resonant and non-resonant, of 11Be
not included in the calculation. The same could be true
for the data corresponding to the 3  E∗  5.5 MeV
bin, which are considerably under-predicted by the
calculation. The detection of a 10Be in coincidence
with the recoiled proton rules out contributions from
other clustering modes as the cause of the discrep-
ancy. Therefore, the current data strongly suggest that
core excitation makes a significant contribution to the
10Be + n breakup of 11Be, although further, more so-
phisticated calculations and higher resolution data will
be required to confirm this conjecture.
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